Energy transferred to the substrate surface during reactive magnetron sputtering of aluminum in Ar/O2 atmosphere. Thin Solid Films, Elsevier, 2013, 539, pp.Abstract A study of the reactive sputtering of aluminum was carried out by coupling energy flux measurements at the substrate location with conventional diagnostics of the gas phase and analyses of the deposited films. The main purpose was to get some insight into the elementary mechanisms involved at the substrate surface during the film growth in the well known metal and oxide regimes and at the transitions from one to another. Measurements were carried out in front of a 10 cm Al target at a power of 400W (i.e. 5 W/cm 2 ) and a total pressure of 0.6 Pa. The flow rate ratio (O 2 /O 2 +Ar) was varied in the range 0 to 50 %. Different kinetics and values of energy transfer, denoting different involved mechanisms, were evidenced at metal-oxide (increasing flow rate) and oxide-metal (decreasing flow rate) transitions. The metal-oxide transition was found to be a progressive process, in agreement with optical emission spectroscopy and deposit analysis, characterized by an increase of the energy flux that could be due to the oxidation of the growing metal film. On the contrary, oxide-metal transition is abrupt, and a high energy released at the beginning that could not be attributed to a chemical reaction. The possible effect of Oions at this step was discussed.
Introduction
Reactive magnetron sputtering is one of the techniques allowing the deposition of compound thin films [1] [2] [3] [4] . Most of works dealing with this method are focused on the target sputtering process and discharge parameter evolution [5] [6] [7] . Studies on deposition of Al 2 O 3 by reactive magnetron sputtering have shown the change of the target sputtering regime depending on the amount of oxygen in the gas phase. [4, 6, 8] . A transition from metal to oxide regime has been evidenced and a hysteresis phenomenon is usually observed when following the discharge parameters with respect of the reactive gas flow rate. These trends are typical of conventional DC magnetron reactive sputter deposition. The film features depending on the growth regime have been studied by several authors [8, 9] .
It is well known that thin film growth widely depends on physical and chemical mechanisms which transfer energy to the growing film. In his structure zone diagram Thornton [10, 11] showed that the morphology of the thin film was drastically influenced by the substrate temperature and the energy brought by the energetic species assisting the growth. The knowledge of energetic conditions at the substrate is thus of particular relevance for the understanding of thin film growth mechanisms [12] . Their control is therefore a key aspect for tailoring the film properties to the envisaged application(s). Estimation of the energy deposited at the substrate during plasma magnetron sputtering is a quite old issue [13, 14] . This can be done either by energy balances, carried out from data of the gas phase (specie density, flux and energy), or by measurements performed with specific probes [12, [15] [16] [17] [18] [19] . In magnetron sputtering processes, calorimetric probes, based on the recording of the temperature evolution, have been widely used [16, 17, [20] [21] [22] . The main drawbacks of this type of probe are the quite long acquisition time (several minutes), preventing from the detection of low intensity or transient energetic contributions, and the impossibility to perform real time measurements [23] .
In the present study we have performed energy flux measurements at the substrate location during reactive sputter deposition by means of an energy flux diagnostic (thermopile, 300 µs time resolution) previously used in several low pressure plasmas [23] [24] [25] [26] . The main goal was to study the energy transfer in both deposition regimes and especially during the transitions from one to the other. These measurements will give better insight into the mechanisms involved in thin film growth process. First the energy transferred by oxidation to a pure aluminum thin film in O 2 atmosphere was measured. Second, the hysteresis phenomenon was investigated in the reactive sputtering of Al target and compared to the evolution of the discharge voltage and to optical emission spectroscopy data. Finally, material analyses were carried out on deposits synthesized at various O 2 percentages.
Experimental procedure
The magnetron sputtering system (APRIM VIDE Company) is given in figure 1 . It has been widely described in a previous work [27] . Pure aluminum target (99.5%) with a 10 cm diameter was used. The target surface was 30° tilted with respect to the substrate surface plan and was powered with a DC power supply (Pinnacle+, Advanced Energy). The flow rate ratio O 2 /(O 2 +Ar) was varied between 0.5 % and 50 % keeping constant the power and the pressure, 400 W (≈ 5 W/cm 2 ) and 0.4 Pa, respectively. In order to study the hysteresis phenomenon the O 2 percentage in the gas phase was successively increased and decreased. The change of gas mixture was always done when the discharge was off. Energy flux measurements were carried out with a heat flux diagnostic developed at GREMI laboratory which consists of a commercial Heat Flux Micro sensor (HFM) inserted in a cooled shaft [28] . HFM is composed of a Pt100 temperature sensor and a thermopile having a time resolution of 300 µs. The high sensitivity, less than 1 mW/cm 2 is provided by a high number of thermocouple junctions (1600 junctions/cm²). For all experiments, a 6 mm diameter thin copper substrate was stuck on the active area of the heat flux diagnostic. During energy flux measurements the HFM was cooled down to 5°C in order to avoid a rise of its self temperature that would induce heat losses mainly by IR emission. This point is detailed in [28] . The substrate holder and the heat flux diagnostic were alternatively placed in front of the magnetron target at a distance of 9 cm. The voltage of the copper substrate was left floating.
Optical emission spectroscopy technique (OES) was used to qualitatively study the presence of aluminum and oxygen species in the gas phase. Three lines were monitored at the cathode position (detection area at the center of the target), the Ar I line at 750 nm, the Al I line at 396 nm and the O I at 777 nm. A BWTek BCT110E (resolution of 1 nm) spectrometer was used. It is sensitive to emission in the wavelength range 300-900 nm.
Five deposition sequences were performed on silicon (100) substrates in order to analyze the chemical composition, the structural properties and the surface morphology of the deposited thin film. Four deposits (A, B, C and D) were synthesized during the increase of the O 2 percentage (7.5, 15, 16.5 and 50 %) and one (E) during the O 2 percentage decrease (7.5 %). The substrate voltage was left floating and the substrate temperature was not regulated. Experimental conditions corresponding to each deposit are given in table 1.
The crystalline structure of the five deposited thin films was analyzed by Grazing incidence X-ray spectroscopy (GIXRD) measurements, performed with the cobalt line (0.17889 nm) at an incidence angle of 1°. Rutherford backscattering spectroscopy (RBS) were performed using α particles of 2 MeV extracted from a Van de Graaf accelerator in the CEMHTI laboratory (Orleans, France). RBS spectra were fited using the SIMNRA software, to estimate the number of deposited Al atoms and the oxygen concentration profile. The surface morphology and the film thickness were studied by scanning electron microscopy (SEM) (Carl Zeiss SMT, Supra-40, FEG-SEM). The deposition rate was evaluated by dividing the thickness measured on cross section SEM micrographs by the deposition time.
Results and discussion

Sensitivity of the energy flux diagnostic
Before studying the reactive magnetron process, we investigated the interaction between gases (argon and oxygen) and a "fresh" aluminum surface. To this purpose, an experimental protocol, divided in two steps was set up: first an aluminum thin film was deposited on the copper substrate surface by magnetron sputtering of Al target in pure argon. The Al deposition sequence lasted 5 min in order to deposit a film thickness of approximately 300 nm. Then, the plasma was switched off and argon and oxygen gases were successively injected in the vessel. Fig. 2 represents the energy flux due to the interaction between gases and the freshly deposited aluminum surface.
The first 20 mW/cm² energy flux peak (1) corresponds to the injection of O 2 in the gas phase. It is followed by a decrease until a steady state is reached. At the second step (2) O 2 flow rate was stopped and an energy flux drop of 0.9 mW/cm² was recorded. A rise of the same value (3) was obtained when the O 2 was re-injected in the chamber. At the end of the experiment, both O 2 and Ar flow rates were stopped (4) and a drop of 1.9 mW/cm 2 was detected. The energy flux reached a stable value of 7.4 mW/cm², which corresponds to the radiative transfer between the aluminum thin film at 5°C (cooled HFM) and the surrounded surfaces at room temperature.
The first 20 mW/cm² peak can be attributed to the chemical reaction between the Al thin film and oxygen gas. It is supposed to be caused by the energy released by Al-O bond formation. The decrease which follows this peak is explained by the fact that the aluminum surface became fully oxidized, i.e. passivated. This hypothesis can be checked by making a rough estimation of the energy released by the oxidation (φ ox ) of the aluminum thin film. Taking an enthalpy of oxidation: ∆H ox =1675.7 kJ/mol [29] : (1)
where N a is the Avogadro constant and γ sticking the sticking coefficient of oxygen molecules, which was found in the literature between 0.005 and 0.032 [30] [31] [32] [33] . N O2 is the number of gas molecules hitting all reactor surfaces per time and area unit, at a given oxygen partial pressure (p O2 =0.25 Pa). N O2 is calculated using an expression coming from the gas kinetic theory [31] given in the equation 2, and that has been utilized by several authors to estimate the oxidation rate at the target [34, 35] . 
where T s is the HFM surface temperature regulated at 278 K.
Parameters used in equation 3 are given in table 2. The accommodation coefficient "a g " represents how far the atoms thermalize with the surface. It has been determined for a Pt surface for various gases [38, 39] . ϕ cond was thus estimated in the case of argon and oxygen and found equal to 0.5 mW/cm² and 0.4 mW/cm², respectively. Taking into account the sensitivity limit of the sensor (0.1 mW/cm 2 ), the uncertainty on the knowledge of the gas partial pressure and on accommodation coefficients, these values are in quite good agreement with the energy fluxes measured at the steps 2, 3 (0.9 mW/cm 2 ) and 4 (1.9 mW/cm 2 ). This shows that energetic contributions as small as gas conduction could be detected using the heat flux diagnostic.
In this part, we have shown that the energy transferred to a metal surface by gas conduction or chemical reaction could be detected and quantified. Indeed, it seems possible to follow in real time, elementary mechanisms taking place at the substrate surface during the film growth. This will be of particular interest for the study of reactive plasma sputter deposition processes. increased, then decreased. Each slot corresponds to an O 2 percentage but two different protocols of measurements were used. First experiment was performed with "plasma on" sequences of 30 s (see Fig. 5a ). In order to study the kinetic of the sputtering and deposition processes, in a second run of experiments the plasma was maintained until a steady state value was reached (see fig. 5b ). On both graphs, the area corresponding to the metal-oxide transition is given in inset.
Characterization
It is clearly seen on these graphs that energy fluxes are almost constant when metal or oxide 7a) , an intense peak is recorded during the oxide-metal one (see figure 7b ).
As it has been explained in a previous paragraph, the increase of the target voltage before mW/cm 2 , which is lower than the measured one. However, one has to take into account that O 2 molecules are partially dissociated in the plasma, and that reactive oxygen atoms interact now with the Al film. The effective sticking coefficient would thus be increased compared to O 2 molecules and consequently the released energy would certainly be higher than the estimated one. The slow decrease of the energy flux following the peak at the transition may be due to the oxidation of the residual Al atoms that always partly participate to the growth. As shown from OES results, when the plasma interacts with the target surface at this step, Al/Ar line ratio tends to reach back the metal regime value. This point will be further discussed in the deposit analysis part.
At the oxide-metal transition (7.5 of decreasing oxygen percentage), an intense energy flux peak of 800 mW/cm² is detected (see on fig. 7b ). This intense peak is quite different from the one obtained at the metal-oxide transition, indicating that a different mechanism occurs. Moreover, keeping in mind that all surfaces are fully passivated and that a so large increase is not visible in the voltage evolution, one can assume a very fast physical mechanism. OES has shown that the transition from oxide to metal regime is a violent and irreversible process, leading to the destruction of Al 2 O 3 at the target surface. Thus the fast increase of the energy flux density may be related to this process. One can think of the possible action of O-ions that are expected to be abruptly removed from the target at the oxide-metal transition. These ions born at the target are accelerated in the cathode sheath towards the substrate. O − ions would impact the substrate surface and transfer their high kinetic energy. The formation of negative oxygen ions in reactive sputtering have been evidenced by many authors [42] [43] [44] . Andersson et. al [44] found an increased amount of these ions during the metaloxide transition, followed by a steady state when the oxide mode is reached. Zeuner et al. [43] also reported the formation of negative oxygen ions at the cathode surface and by electronic attachment in the plasma. Mraz et a. [42] found three energetic populations of Oions depending on their creation process. They suggested electron attachment after oxygen desorption from the target or dissociation of AlOand AlO 2 clusters after acceleration over the cathode fall could occur. Even if no specific study has been performed at the oxide-metal transition for decreasing O 2 %, one can think that the quick destruction of the stable Al 2 O 3 oxide formed at the target surface associated to an increase of the discharge voltage, would lead to the release of energetic ions. Of course Omay also be involved in the energy transfer during the oxide mode, and even at the metal-oxide transition, but they should be fewer and carry lower kinetic energy.
Analysis of deposited thin films
In order to get better insight into the deposition conditions during reactive magnetron sputtering process, five deposits were performed at different O 2 percentages. Thicknesses, deposition rates and chemical composition are quoted in table 3.
In table 3 From the analyses it appears that deposits synthesized in the metal mode are polycrystallized, the only detected phase being the α-Al. Cubic grains are visible an SEM images and the cross sections exhibit dense columnar structure (see Fig. 9 ). However, deposits contain non negligible amounts of oxygen as shown in table 3. Oxygen may form an amorphous oxide, at the grain boundaries for example, that would not be detected by GIXRD. Oxidation of polycrystalline Al films in O 2 atmosphere and at low temperature is known to lead to the formation of such an amorphous Al 2 O 3 [31, 45, 46] . However, broadening and shift of the diffraction peaks are observed when the oxygen content increases in the films, indicating a modification of the crystallite size and lattice parameter of the Al phase. SEM image of B sample ( Fig. 9 ) clearly shows that the grain structure evolves towards lower size. The morphology evidenced on the cross section is altered too.
Formation of a α-Al(O) solid solution has already been reported in reactive magnetron sputtering of Al [9] . Oxygen solubility limit as high as 28 % at. was evidenced in this phase, which is well above that obtained in equilibrium conditions. Above this value, formation of oxide-type bonds was proved and an amorphous oxide was suspected to be formed. These data indicate that B deposit Very interesting results are found at the metal-oxide transition. The deposit C lasted 35min.
From energy flux density measurements (see the inset of Fig. 5b) , it is learnt that half of the deposition process took place when conditions were continuously varying, and the other part occurred in the oxide mode. As a result, the film morphology, presented in Fig. 9 is divided in two regions: a columnar structure, characteristic of the growth in metal mode, and a dense and featureless structure. This is in agreement with RBS results evidencing two different compositions in the thickness (see table 3 ). The upper layer is composed of 30 % of Al and 70 % of O, values that are obtained over the whole thickness of the sample D synthesized in the oxide mode. All these observations prove that two different compounds co-exist in the thickness of sample C: oxygen containing Al phase and amorphous Al 2 O 3 . First this shows that, in this direction (i.e. metal to oxide) it takes some time for the sputtering process to reach the oxide regime. As mentioned above, this is due to the competition between formation and destruction processes of the oxide at the target surface. In this very unstable zone, it appears thus that the growth process is close to that in the metal regime: incorporation of oxygen in the Al phase lattice. Diffraction peaks are less shifted compared to pure aluminum, and bigger grains are visible on the SEM micrograph. This is difficult to explain, but the huge energy released at the beginning of the growth (within the first minutes of the transition) may be invoked.
Conclusion
An overall study of the reactive sputtering of aluminum was carried out by coupling energy flux measurements at the substrate location with conventional diagnostics of the gas phase and analyses of the deposited films.
This work shows first, that energetic conditions of deposition are governed by the target sputtering regime, as could be expected. In metal mode it appears that oxygen is progressively incorporated in the growing aluminum film. An α-Al(O) solid solution is formed and oxidation certainly takes place locally. In oxide mode, amorphous and dense deposits are obtained. The features of the films synthesized in both modes, and the corresponding values of the transferred energy, prove that the film growth process occurs in a very different manner, involving different species. This is in agreement with the decrease of Al line in the oxide regime where AlOx are expected to participate to the oxide film growth.
Original results were also obtained with the real time energy flux measurements at the transitions.
Different kinetics and values of energy transfer, denoting different involved mechanisms were evidenced. The metal-oxide transition was found to be a progressive process, in agreement with OES and deposit analysis, characterized by an increase of the energy flux that could be due to the oxidation of the growing metal film. On the contrary, oxide-metal transition is abrupt, and the high energy released at the beginning could not be attributed to a chemical reaction. O-formed at the target and accelerated in the cathode sheath are probably responsible for this high energy release. In the Al/O 2 system it was found that at the metal-oxide transition, an oxide is formed by oxidation of a metallic growing film. In oxide regime, it results from the deposition of oxidized species.
This work clearly shows that studying the energetic transfers at the substrate during deposition helps understanding the growth processes and gives some insight into the involved elementary mechanisms taking place at the substrate. 
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